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a b s t r a c t

The adverse health effects of air pollutants have been associated with their redox and electrophilic

properties. Although the specific chemical species involved in these effects are not known, the

characterization of their general physical and chemical properties is important to our understanding of

the mechanisms by which they cause health problems. This manuscript describes results of a study

examining the partition properties of these activities in aqueous and organic media. The water and

dichloromethane (DCM) solubility of redox active and electrophilic constituents of seven diesel exhaust

particle (DEP) samples were determined with assays developed earlier in this laboratory. The

constituents exhibiting redox activity, which included both metals and nonmetal species, were

associated with the particles in the aqueous suspensions. Portions of the redox active compounds were

also DCM-soluble. In contrast, the electrophilic constituents included both water-soluble and DCM-

soluble species. The role of quinones or quinone-like compounds in redox and electrophilic activities of

the DCM-soluble constituents was assessed by reductive acetylation, a procedure that inactivates

quinones. The results from this experiment indicated that most of the activities in the organic extract

were associated with quinone-like substances. The partition properties of the reactive species are

important in exposure assessment since the toxicokinetics of particles and solutes are quite distinct.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

The adverse health effects of air pollutants have been
attributed to the ability of these pollutants to induce cellular
oxidative stress through the generation of reactive oxygen species
(Dagher et al., 2006; Donaldson et al., 2003; Imrich et al., 2007; Li
et al., 2003a, b; Rahman et al., 2006). However, the chemical basis
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for the oxidative stress induction is not clear. This laboratory has
been studying the chemical properties of airborne particles and
vapors to characterize those components that contribute to these
adverse effects. In the course of this work, analytical procedures to
assess the redox capacity of particulate matter and diesel exhaust
particle (DEP) were developed (Cho et al., 2005). Subsequently, an
assay for the electrophile content of air samples was developed,
since electrophiles can also contribute to the induction of
oxidative stress by altering the ratio of concentrations of oxidized
to reduced antioxidants such as glutathione (Shinyashiki et al.,
2008). More recently, an assay for the capacity of a given sample
to catalyze the Fenton reaction, which generates hydroxyl radical,
has been developed (Di Stefano et al., 2009). The original studies
were based on the hypothesis that quinones were key organic
compounds likely to cause oxidative stress by either redox cycling
or conjugation with thiols. Accordingly, we first demonstrated
quinone presence in DEP by direct analysis (Cho et al., 2004), then
demonstrated that ambient particles and vapors could participate
in the same chemical reactions as certain quinones. For example,
the redox active quinone, 9,10-phenanthroquinone (PQ), was
shown to be capable of catalyzing electron transfer between the

www.sciencedirect.com/science/journal/yenrs
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dithiol, dithiothreitol (DTT) and oxygen, generating superoxide,
and thence hydrogen peroxide (Kumagai et al., 2002). Analo-
gously, airborne and DEP, as well as ambient vapors, carry out
similar reactions (Cho et al., 2005), indicating that these samples
contain chemical species which, like PQ, will catalyze electron
transfer. In addition, the electrophilic quinone, 1,4-benzoquinone,
was shown to react with cellular thiols such as glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and irreversibly inactivate it
by covalent bond formation (Rodriguez et al., 2005). This effect led
to the development of an assay to demonstrate the presence of
electrophiles in ambient air samples by utilizing the ability
of electrophiles to inactivate this enzyme through alkylation
(Shinyashiki et al., 2008).

This manuscript describes results of a study in which the
procedures above were used to characterize the physical and
chemical properties of seven DEP samples collected by the Air
Pollution Technology Branch of the US Environmental Protection
Agency. Initially, the polycyclic aromatic hydrocarbon (PAH) and
quinone content of the organic extracts of the particles were
determined. Then, the physical properties of the redox species in
the samples were examined by comparing the distribution of
activities in dichloromethane (DCM) extracts and aqueous
suspensions of the particles. Finally, the chemical nature of the
reactive species was assessed by subjecting the organic extracts to
reductive acetylation, a procedure that converts quinones to their
relatively unreactive hydroquinone diacetates.
2. Materials and methods

Chicken muscle GAPDH, NAD+, EDTA, glyceraldehyde-3-phosphate (G-3-P),

dithiothreitol (DTT), 5-50-dithiobis(2-nitrobenzoic acid) (DTNB), 2,3- and

2,5-dihydroxybenzoic acids (DHBAs), sodium salicylate, ascorbic acid, diethylene-

triaminepentaacetic acid (DTPA), citric acid trisodium salt dihydrate and mono-

hydrate, cupric sulfate pentahydrate, ferrous ammonium sulfate and the quinone

standards were purchased from Sigma-Aldrich Co. (St. Louis, MO). Other reagents

were of reagent or the highest grade available and obtained from Fisher Scientific

(Pittsburgh, PA). Polycyclic aromatic hydrocarbon standards were purchased from

Cerilliant Corporation (Round Rock, TX). Mouse macrophage cell line (RAW 264.7)

cells were obtained from American Type Cell Culture (Manassas, VA). DMEM, fetal

bovine serum and penicillin/streptomycin were purchased from Invitrogen

(Carlsbad, CA). Monoclonal anti-heme oxygenase-1 (HO-1) antibody was from

Stressgen (Ann Arbor, MI). Chelex 100 was from Bio Rad (Hercules, CA).
2.1. DEP samples

The seven DEP samples examined were generated at the US EPA’s National Risk

Management Research Laboratory (RTP, NC) as part of a project to characterize the

chemical, physical and toxicological properties of combustion generated particles.

EPA collected the samples but the subsequent analyses were performed at UCLA.

The samples were collected over a period from June 2004 to October 2005 during

seven separate animal inhalation exposure experiments lasting between 5 and

39 days. One sample, DEP4, was collected between January 24 and 28, 2005, and

exhibited higher levels of organic species such as the PAHs and quinones. DEP was

generated using a 30 kW (40 hp) 4-cylinder indirect injection Deutz diesel engine

(Model BF4M1008) under load of a 22.3 kW (30 hp) Saylor-Beall air compressor

(Model 707). Readily available road taxed diesel fuel (analysis not shown) was

supplied via a re-circulating loop from a 208 L (55 gal) drum. Engine lubrication oil

(Shell Rotella, 15W-40) was changed before each of the seven exposure

experiments. The engine (�1725 rpm) and the compressor were operated at

steady-state to produce 0.8 m3/min (30 ft3/min) of compressed air at 400 kPa

(60 psig). This translates to approximately 20% of the engine’s full-load rating. Fuel

consumption was 7.6–11.4 L/h (2–3 gal/h). The engine and the compressor were

operated outdoors under conditions of varying temperature, humidity and

precipitation including both winter and summer months. From the engine, a

small portion of the exhaust was routed to a dilution system and directed to

exposure chambers. The remaining exhaust was diluted with ambient air (�3:1) to

near ambient temperatures (�35 1C, �95 1F) and directed to a small 4.2 m3/min

(150 ft3/min) rated Dustex baghouse (Model T6-35-9) containing nine Nomex felt

bags. The bags were periodically reversed pulsed using compressed air to remove

the accumulated DEP which were collected from the hopper at the end of each day

and stored refrigerated (4 1C, 40 1F) in glass sample jars. The DEP mix sample was
prepared by mixing 100 g samples from each DEP3, DEP5, and DEP7 in a 19 L (5 gal)

plastic bucket using a bucket tumbler operated at 25 rpm for 45 min.

2.2. Sample preparation

2.2.1. Aqueous suspensions and filtrates

The DEP samples (0.7–6.5 mg) were weighed in glass vials and deionized water

(DIW) was added to achieve concentrations of 0.08–0.5 mg/mL. The suspensions

were sonicated for 15 min in a water bath. The bath water was replaced to prevent

heating of the samples and the suspensions were sonicated for an additional

15 min. Filtrates were made by filtering the aqueous suspensions through a 4 or

25 mm 0.45mm nylon syringe filter (Nalgene, NY).

2.2.2. Organic extracts

The DEP samples were extracted with Optima grade dichloromethane by

sonication for 30 min. The resulting suspensions were then filtered through a

0.45mm filter (Millipore, Billerica, MA) and aliquots were separated for the

different chemical and toxicological assays.

To prepare organic extract suspensions for the chemical and biological assays

conducted in aqueous media, the DCM extract was evaporated and reconstituted in

dimethyl sulfoxide (DMSO).

2.2.3. Reductive acetylation of DEP extracts

The organic extracts of the DEP samples were subjected to the reductive

acetylation procedure used in the quinone assay (Cho et al., 2004). Thus, DCM

extract was concentrated to approximately 50mL by evaporation and approxi-

mately 200 mg of powdered zinc together with 200mL of acetic anhydride in

400mL tetrahydrofuran was added. The mixtures were then heated for 15 min at

80 1C. The samples were cooled and an additional 200 mg of zinc was added and

the mixture was heated for an additional 15 min. The reaction was quenched by

the addition of 500mL of water and 3.0 mL of pentane. The pentane layer was

concentrated by evaporation and the residue reconstituted in DMSO. The final

concentration of the extract used in the assays was 100mg/mL. When necessary, the

concentrated samples were diluted to insure that the results remained within the

linear portion of concentration effect curves.

2.3. Chemical assays

The content of PAHs (Eiguren-Fernandez and Miguel, 2003) and quinones

(Cho et al., 2004) in the DEP samples was determined by previously described

procedures. The DTT-based redox activity (Cho et al., 2005) and the DHBA-based

Fenton reaction (Di Stefano et al., 2009) assays have also been reported as has the

GAPDH-based electrophile assay (Shinyashiki et al., 2008).

2.4. Cellular assay

2.4.1. HO-1 induction assay

The induction of the stress protein HO-1, which has been shown to be a

sensitive marker for assessing particulate matter-induced cellular oxidative stress,

was found to correlate with DTT activity in a study of ambient air samples

collected in the Los Angeles Basin (Li et al., 2003b). This assay was applied to the

DEP4 extract and the product of its reductive acetylation. Briefly, 1.5�106 murine

macrophages (RAW 264.7) were treated with 10, 25 and 50mg/ml of DEP extracts

for 16 h before harvested for immunoblotting of HO-1 protein. The control group

received an equal volume of vehicle (DMSO). Electrophoresis of total cellular

protein and immunoblotting of HO-1 protein were performed as previously

described (Li et al., 2003b).
3. Results and discussion

Our initial analyses were directed at two groups of key organic
compounds, the PAHs and representative quinones, 1,2- and 1,4-
naphthoquinone (1,2- and 1,4-NQ), 9-10-phenanthraquinone (PQ)
and 9,10-anthraquinone (AQ). Quinones are directly formed by
combustion of gasoline and diesel fuels (Jakober et al., 2007), and
also converted from PAHs either by photochemistry (Eiguren-
Fernandez, 2008b) or cellular metabolism (Penning et al., 1999;
Zheng et al., 1997). The quinone assay used here estimates the
concentration of four representative quinones. DCM extracts of
the DEP samples were analyzed for these compounds to relate
these samples to other DEPs and ambient air samples. The results
are described under Chemical composition. The toxicologically
significant property of these and other particles is their ability to
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generate reactive oxygen and to form covalent bonds with tissue
nucleophiles. Three assays were used to characterize these
chemical properties and the results are described under Chemical
reactions. The physical properties of the reactive species are
relevant to toxicokinetics, since their distribution between
particulate and aqueous phases dictates cellular access. The
distribution of the assayed reactivities between the particle and
aqueous phase of a water suspension was determined and
described under Physical properties of reactive species. Finally,
the nature of the functional groups in the organic extract involved
in the reactions assayed was assessed by reductive acetylation.
This procedure converts quinone functions to the less-reactive
diacetylhydroquinones. The results of reductive acetylation on the
assayed reactivities are described in Chemical properties of
organic extracts.
3.1. Chemical composition

3.1.1. PAHs and quinones

The lower-molecular-weight PAHs, phenanthrene (PHE), fluor-
anthene (FLT) and pyrene (PYR) showed the highest concentra-
tions accounting for more than 90% of the total PAHs (Table 1) and
when present, benzo[ghi]perylene and indeno[1,2,3-cd]pyrene,
were in very low concentrations. Of the samples analyzed
here, DEP4 had the highest PAH content of 790mg/g, which was
5.6 times higher than the lowest content found in DEP7, which
was 137mg/g. The volatile PAH, naphthalene, was not detected,
presumably because it is lost in the collection process, which was
limited to particles.

Concentrations of four quinones in the samples are shown in
Table 1. As expected, concentrations of somewhat volatile 1,2- and
1,4-NQ were significantly lower than the three-ring quinones, PQ
and AQ. Previous studies conducted in the Los Angeles Basin
found that 1,2- and 1,4-NQ were mostly in the vapor phase,
whereas the three-ring quinones were associated with PM2.5

(Eiguren-Fernandez et al., 2008a). DEP4, again, showed the
highest quinone content among the seven samples. The concen-
trations of the same quinones found in particles from other
sources are presented for comparison. With the exception of
DEP4, the levels of naphthoquinones found in the EPA samples
were lower than those reported earlier (Cho et al., 2004;
Valavanidis et al., 2006), which may have resulted from using
different engines and different fuel composition.

Correlation between PAH and quinone concentrations was high
(r2
¼ 0.86), indicating that quinones are also emitted as primary
Table 1
PAH and quinone concentrations (mg/g) in diesel exhaust particle extracts (DEP).

PHE FLT PYR BAA BAP

DEP 2 66.2 56.3 35.4 16.1 0.99

DEP 3 115 95.8 60.7 15.8 0.53

DEP 4 376 218 180 oLOD 1.44

DEP 5 87.6 179 74.3 12.8 0.80

DEP 6 66.9 141 47.7 6.07 1.08

DEP 7 45.3 58.8 29.5 2.92 0.18

DEP mix 132 138 60.5 oLOD 0.55

Japanb 1576 678 530 91.0 16.0

Europec n/ad n/a n/a n/a n/a

Abbreviations: PHE, phenathrene; FLT, fluoranthene; PYR, pyrine; BAA, benz[a]anthracen

NQ, 1,2-naphthoquinone; 1,4-NQ, 1,4-naphthoquinone; PQ, 9,10-phenanthraquinone; AQ

Concentrations of the indicated quinones in the current study and in DEP from other s
a oLOD: below limit of detection.
b Concentrations found by Cho et al. (2004).
c Concentrations found by Valavanidis et al. (2006).
d n/a: not available.
products of combustion processes, apart from being formed by
photochemistry.

3.2. Chemical reactions

Three assays for chemical reactivity were performed. One
accesses redox activity based on the ability of the sample to
transfer electrons from DTT to oxygen. In this reaction, compo-
nents of the test sample act as catalysts, accepting electrons from
DTT and transferring them to oxygen (Cho et al., 2005; Kumagai
et al., 2002). In studies of ambient particles collected in the Los
Angeles Basin, a correlation between this activity and PAH content
has been observed (Li et al., 2003b) and in particles collected in
Fresno, CA, a correlation with quinones was reported (Chung et al.,
2006). A second redox assay determines the capacity of the
sample to catalyze the Fenton reaction, based on the formation of
DHBA isomers from salicylic acid reaction with hydroxyl radical
(Coudray and Favier, 2000; Themann et al., 2001). This reaction is
limited to transition metal ions such as copper, iron and
vanadium, with copper as the most active species (Di Stefano
et al., 2009). The third assay reflects the content of electrophiles
and is based on the ability of the sample to inhibit or inactivate
the thiolate enzyme, GAPDH (Shinyashiki et al., 2008). This assay
utilizes the reaction between electrophilic substances present in
the sample with the thiolate function in the catalytic center of
GAPDH to form covalent bonds, thereby inactivating the enzyme.
The commonly used electrophile, NEM, serves as a positive control
to monitor the reaction in each assay. The results from this assay
are expressed in terms of the activity of NEM, i.e., the number of
NEM equivalents per mg sample.

3.3. Physical properties of reactive species

The physical chemical nature of the reactive components of the
DEPs was examined by following the three reactivities in an
aqueous suspension and its filtrate. Approximately 90% of
the DTT-based redox activity was associated with the particles
(Table 2). The DHBA activity was found to be exclusively
associated with the particles; no activity was found in the
filtrates. In contrast, the majority of the GAPDH inhibition-based
electrophiles were found in the filtrates, suggesting that highly
polar, water-soluble materials in the DEP are responsible for
this effect.

At high concentrations, metal ions can oxidize DTT (Kachur
et al., 1997; Netto and Stadtman, 1996). Accordingly, the role of
metal ions in the DTT-based redox activity was determined by
BGP IND 1,2-NQ 1,4-NQ PQ AQ

oLODa oLOD 1.06 0.91 6.02 27.20

oLOD oLOD 1.77 1.26 8.05 41.90

8.14 6.51 26.04 23.00 14.00 80.30

3.02 4.75 5.15 2.07 9.27 66.00

oLOD oLOD 4.98 2.46 18.29 66.60

0.60 oLOD 4.11 1.88 8.84 46.30

oLOD oLOD 3.86 1.67 13.80 59.20

18.0 oLOD 22.30 19.90 18.70 69.30

n/a oLOD 52.70 20.30 3.50 57.90

e; BAP, benzo[a]pyrene; BGP, benzo[ghi]pyrene; IND, indeno[1,2,4-cd]pyrene; 1,2-

, 9,10-anthraquinone.

ources.



ARTICLE IN PRESS

M. Shinyashiki et al. / Environmental Research 109 (2009) 239–244242
comparing DTT activity in the presence and absence of DTPA, a
metal chelator that binds copper and iron ions and prevents redox
activity. As the Fenton reaction is catalyzed by transition metals,
DHBA formation should be completely blocked by DTPA. The
results, shown in Table 3, indicated that about 45% of the DTT-
based redox activity of the suspension was metal dependent. In
contrast, DHBA-based activity is completely DTPA sensitive.

To assess the polarity of these activities, the DCM extracts of
the particles, reconstituted in DMSO to allow water solubility,
were assayed and the results compared with the aqueous
suspension (Table 4). The DCM extracts did not exhibit DHBA-
based redox activity, but both DTT redox and GAPDH inhibition
activity were observed. The aqueous suspension exhibited
approximately 3 times greater DTT activity than the DCM extract.
The GAPDH inhibitory activity was also greater in the aqueous
suspension, indicating that a significant fraction of the electro-
philes was water soluble.

These results show that the redox properties of the DEP samples
are associated with the particle fraction when the particles are
suspended in water, but that organic substances capable of
exhibiting redox activity are also extractable with DCM. These
organic substances appear to partition extensively with the particles
in an aqueous suspension. In contrast, the electrophiles present in
the DEP include both DCM extractable and water soluble species.
3.4. Chemical properties of organic extracts

3.4.1. Reductive acetylation

To assess the role of quinone-like compounds in the reactivities
measured, the samples were treated with zinc and acetic
Table 2
Activities of suspension and filtrates.

Assay Suspension Filtrate Particle % in particles

DTT activity 21.1710.9 2.1572.18 18.979.86 90

DHBA activity 1.0870.54 0.00 1.0870.54 100

GAPDH activity 29.1711.3 22.177.59 6.9475.84 24

The activities of the seven samples in Table 1 were determined by the procedures

described in Materials and methods. The particle activities were determined from

the differences between the suspension and filtrate. The average and standard

deviations for the individual assays are shown. The units for DTT activity are

pmoles DTT consumed/min/mg sample, those for DHBA are pmoles DHBA formed/

min/mg sample and those for GAPDH are % of 1 ng NEM inhibition/mg sample.

Table 3
Role of metals in redox activity of suspensions.

Assay Aqueous suspension Suspension+DTPA % DTPA sensitive

DTT activity 21.1710.9 11.576.29 45

DHBA activity 1.0870.54 0.00 100

The activities of the seven samples in Table 1 were determined by the procedures

described in Materials and methods. The average and standard deviations for the

individual assays are shown. The units for DTT activity are pmoles DTT consumed/

min/mg sample and those for DHBA are pmoles of DHBA formed/min/mg sample.

Table 4
Comparison of aqueous suspension (aqueous) and DCM (organic) extract.

DTT activity (pmol/min/mg) DHBA forma

Organic (DCM)

extract

Aqueous

suspension

Organic (DC

extract

Average7SD of

seven samples

5.9572.12 21.1710.9 Not measure
anhydride under the conditions used in our quinone assay (Cho
et al., 2004). This procedure converts the quinones to their
corresponding hydroquinone diacetates. As the diacetates, the
hydroquinones are not as susceptible to oxidation, quenching the
ability to generate ROS and the a,b-unsaturated carbonyl
structure associated with an electrophilic center is absent. This
reductive acetylation procedure was applied to the DCM extracts
and the resulting changes in DTT-based redox activity and
electrophile content determined (Table 5). Although DTT activity
was lost completely, some residual electrophilic activity re-
mained, which varied with the sample. The loss of electrophile
content varied from 90% to 75%, with the greatest loss by DEP4
and the least by DEP2. These two samples had the highest and the
lowest content of organic species, respectively, as evidenced by
PAH and quinone content (Table 1).
3.4.2. Effect of reductive acetylation on HO-1 induction

capacity of DEP4

The effect of reductive acetylation on biological activity was
examined with DEP4. This sample had the highest content of PAHs
and quinones (Table 1) and exhibited high redox as well as
electrophilic activity. A DCM extract of this sample was subjected
to the reductive acetylation procedure and the ability of the
chemically modified extract to induce the stress protein, HO-1,
was compared with that prior to chemical modification. The
results are shown in Fig. 1, and demonstrate that reductive
acetylation reduced the ability of the sample to induce HO-1.
Since both redox and electrophilic activity were decreased in the
chemically modified sample, it is not possible to distinguish
between either of the chemical reactivities as the cause of HO-1
induction. Nevertheless, as quinones are inactivated by the
procedure, the results with the DCM extracts indicate that
quinones or compounds with similar properties are responsible
for HO-1 induction in these preparations.
4. Conclusions

Airborne pollutants are a complex mixture of a large number of
chemical entities, and identification of the specific chemicals
responsible for the induction of oxidative stress is extremely
difficult. However, quantitative measures of toxicologically rele-
vant chemical reaction capacities of pollutants are needed for
studies comparing pollutants from different sources and under
different atmospheric conditions. With these issues in mind,
assays for relevant reaction capacities have been developed and
applied to ambient air samples and particles from different
sources (Cho et al., 2005; Li et al., 2004; Ntziachristos et al., 2007;
Shinyashiki et al., 2008). This study utilized a set of seven DEPs of
varying chemical content to assess the physical properties of
those constituents that carry out these reactions by determining
their distribution between the particle and water phase in a
suspension and the DCM solubility of the reactive constituents. In
addition, the DCM extract, which contains the organic constitu-
ents, was subjected to a reductive acetylation procedure to
tion (pmol/min/mg) GAPDH (% of 1 ng NEM/mg)

M) Aqueous

suspension

Organic (DCM)

extract

Aqueous

suspension

d 1.0870.54 19.5710.8 29.1711.3
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Table 5
Effects of reductive acetylation of organic extracts.

DTT activity (pmol/min/mg) GAPDH inhibitory activity (% of

1 ng NEM/mg of original mass)

% GAPDH inhibition

affected by acetylation

Control Zn+Ac2O Control Zn+Ac2O

Average7SD of seven samples 5.9572.12 0.00 19.5710.8 2.7470.78 86

Fig. 1. Heme oxygenase-1 (HO-1) induction by the dichloromethane (DCM) extract

of DEP 4. Raw 264.7 cells were incubated with the extract without (control) or

with reductive acetylation (Zn+Ac2O) for 16 h at the indicated concentrations. Fig. 2. Humic acid building block (from Steelink, 1963).
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evaluate the role of quinone-like compounds in the observed
activities.

Exposure to ambient air particles and vapors results in a
suspension of the mixture in the lung-lining fluid. The soluble
materials will dissolve and can enter cells either by transport or
by passive diffusion. Particles can enter the cell by phagocytosis
and other (Geiser et al., 2005; Moller et al., 2008) processes and
exert their chemical effects either through the particle or through
the dissolution of adsorbants within the cell. Particles can also
generate reactive oxygen extracellularly and cause cellular
damage. These toxicokinetic issues require an understanding of
the distribution of the reactive constituents between the particle
and aqueous phase. Fractionation of the aqueous suspension into
filtrate and filter-bound particles showed that redox activity was
essentially bound to the particle phase, whereas the electrophiles
were distributed between both phases. Since particles will
distribute differently from solutes, the distribution of redox active
species will move with the particles, whereas the electrophiles
will be likely more diffuse in their distribution.

The partition of metal-based redox active species in the
particle phase suggests that metals are bound to the particles,
possibly by chelation with some structure on the particles. This
process could take place with humic acid like functions on the
particles. DEP are known to contain humic-like substances (HLS)
(Ghio et al., 1996), compounds or structures related to humic
acids, which are polymers of multifunctional aromatic and
aliphatic monomers (Steelink 1963) and can contain catechol
structures which would exhibit redox activity, a,b-unsaturated
carbonyl systems which would exhibit electrophilic activity and
multiple carboxylate functions which could act as metal chelators
(see Fig. 2). These structures are thought to be formed in the
course of fuel combustion (Ghio et al., 1996).

If some of the HLS were extractable from the particles with
DCM the redox and electrophile content may be explainable.
These functionalities would also be inactivated by the reductive
acetylation procedure. The redox and electrophilic properties of
the DCM extract, which contains only organic compounds, were
lost or substantially reduced after reductive acetylation, suggest-
ing that the observed activities must be due to quinones or
quinone-like chemical species. In contrast to redox activity, the
reduction in electrophile content following reductive acetylation
varied with the samples, ranging from 75% to 90%. This variability
may reflect the differences in the content and nature of
electrophiles in the samples. The chemical analyses of the samples
also showed differences; for example, the naphthoquinone
content of DEP4 was almost 10-fold greater than the next highest
and as results of the reductive acetylation experiment indicate
that DEP4 had the lowest residual activity, it is likely that
quinones such as these are the major contributor to the
electrophilicity of this sample. The cellular actions of the DCM
extract of DEP4 suggest that the organic species responsible for
HO-1 induction also exhibit the same chemical properties.

Electrophiles are a particularly important component of air
pollution because of their covalent bond forming ability. They will
form covalent bonds with a variety of nucleophiles such as
thiolates, which is the key functional group in glutathione as well
as the many enzymes who utilize the nucleophilic properties of
thiolate to catalyze reactions. Once formed, the affected chemical
species is irreversibly inactivated and must be replaced in the cell
by renewed synthesis. The recovery by the cell from a covalent
bond-based insult will therefore depend on protein turnover.
Thus, exposure to even a small quantity of electrophiles can result
in significant biological effects because the actions on slowly
turning over proteins will be cumulative. In related studies, we
have demonstrated that 1,2-NQ itself can form covalent bonds
with protein tyrosine phosphatases to activate the epidermal
growth factor receptor kinase (Iwamoto et al., 2007). This kinase
has been associated with the exacerbation of asthma through its
involvement in lung remodeling and changes in lung cell
morphology that reflect asthma status (Puddicombe et al., 2000).

In summary, these DEPs contain both redox metals and redox
active organic substances. The metals appear to be tightly
bound to particles, for they are not extractable into water. The
particles also contain electrophiles which exhibit both water and
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dichloromethane solubility. A likely array of organic functional
groups that would account for these properties are those found in
humic-like substances. The differences in solubility of the redox
active species and the electrophiles will result in different types of
exposure. The redox activity would likely enter the cell as a
particle-bound electron transfer agent, whereas the soluble
electrophiles would enter the cell as individual molecular species.
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